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C BY-NC-Abstract The kinetics and mechanism of Ag(I) catalyzed oxidation of L-Serine by cerium(IV) in
sulfuric acid media has been investigated by titrimetric technique of redox in the temperature range
of 293–308 K. The reaction was ﬁrst order with respect to serine, inverse order with respect to
Ce(IV) and a positive fractional order with respect to Ag(I). Increase in [H+] decreased the reaction
rate. The added SO24 decreased the rate of the reaction. Under the experimental conditions, the
kinetically active species of cerium has been found to be Ce(SO4)2. The major oxidation product
of serine has been identiﬁed as glycoldehyde which is conﬁrmed by the IR spectrum of a
corresponding hydrazone. Under nitrogen atmosphere, the reaction system can initiate the polymer-
ization of acrylonitrile, indicating the generation of free radicals. On the basis of the experimental
results, a suitable mechanism has been proposed. The rate constants of the rate determining step
together with the activation parameters were evaluated.
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ND license.1. Introduction
The oxidation of serine has received much attention because of
strengthening the immune system by providing antibodies and
synthesizes fatty acid sheath around nerve ﬁbers (Dr. Mrs.
Ambika Shanmugam, 1996, Fundamentals of Biochemistry
for Medical students). The interest in the study of the oxidative
degradation of serine is quite old. Nadkarni et al. (1960) exam-
ined the presence of radio activity in blood glucose, muscle, li-
ver glycogen, and respiratory carbon dioxide after
administration of serine C14 in rats. It was shown that serine
was largely converted to CO2. Minthorn et al. (1959) have
shown that C14 from serine was also distributed to the muscle
228 T. Sumathi et al.glycogen. The conversion of serine to pyruvate in biological
system was thus established. The anaerobic deamination of
serine with several biological preparations resulted in the for-
mation of pyruvate and ammonia (Chargaff and Spinson,
1943). It has been reported that a number of vitamin B6 cata-
lyzed the deamination of serine. A mechanism based on the
formation of Schiff’s base has been proposed for the deamina-
tion of serine. The kinetics of oxidation of serine by periodate
has been investigated in acid medium by Pascual and Herraez
(1985). They reported that the reaction is ﬁrst order in [Perio-
date] and [Serine] and decreases with increase in [H+]. Maha-
devappa and co-workers (Naidu et al., 1980) have reported the
oxidation of serine by Chloramine-T in perchloric acid.
According to them the reaction follows ﬁrst order with respect
to the [Chloramine-T] and [Serine] and an inverse ﬁrst order
with the [H+]. Oxidation of serine by some inorganic oxidants
has been studied (Gowda and Mahadevappa, 1983; Gowda
and Rao, 1985; Reddy et al., 1981; Yousuf Hussain and Firoz
Ahmad, 1990) by both acidic and alkaline media.
Ce(IV) is a well known oxidant (Thabaj et al., 2006; Chi-
matadar et al., 2001, 2002) in acid media having the reduction
potential (Day and Selbin, Eds., Theoretical Inorganic Chem-
istry, 1964, New York) of the couple Ce(IV)/Ce(III): 1.70 V.
The oxidation of organic compounds by Ce(IV) in general
seems to proceed via the formation of intermediate complex
(Yatsimiraskii and Luzan, 1965; Guilbault and McCurdy,
1963). The sluggish reaction of Ce(IV) oxidation of L-Serine
is catalyzed by a small amount of (106 mol dm3) of Ag+
in aqueous sulfuric acid medium. In sulfuric acid and sulfate
media, several sulfate complexes (Thabaj et al., 2006; Chimata-
dar et al., 2001, 2002; Kharzeeva and Serebrennikov, 1967;
Bugaenko and Huang, 1963) of Ce(IV) form exist such as
CeðSOÞ2þ4 ; CeðSO4Þ2; CeðSO4Þ2HSO4 and H3CeðSO4Þ4 , but
their role has not received much attention so far. Thus, the rate
of the reaction which decreases with increasing sulfuric acid
concentration has not been understood. The mechanism may
be quite complicated due to the formation of different Ce(IV)
complexes in the form of active species. Hence, the Ag(I) cat-
alyzed oxidation of L-Serine by Ce(IV) was studied in order to
understand the behavior of active species of oxidant in sulfuric
acid media and a suitable mechanism was proposed.2. Experimental
2.1. Materials
In the present work, double distilled water was used for pre-
paring the solutions. L-Serine (E. Merck) was used as such.
A stock solution of L-Serine was prepared by dissolving it in
water. The Ce(IV) stock solution was obtained by dissolving
cerium(IV) ammonium sulfate (E. Merck) in 0.98 mol dm3
sulfuric acid and standardized with iron(II) ammonium sulfate
solution [15]. Other chemicals and reagents such as sodium sul-
fate, silver nitrate, sulfuric acid, acetonitrile, acetone, hydrated
copper sulfate and aluminum sulfate used were of analytical
grade with 99.9% purity.
2.2. Kinetic measurements
Kinetic studies were carried out in sulfuric acid medium in the
temperature range (293–303 K) under pseudo-ﬁrst order con-ditions with a large excess of L-Serine over Ce(IV). The reac-
tion was followed by estimating the unreacted Ce(IV) as a
function of time by titrating against ferrous ammonium sulfate
solution employing ferroin as indicator (Jeffery et al., Vogel’s
Text Book of Quantitative Chemical Analysis, ﬁfth ed., ELBS,
Longman, Essex, England, 1996). No precautions were taken
to exclude the diffused light entering into the reaction mixture
(Krishna and Sinha, 1959). The Ce(IV) solution was thermally
quite stable (Grant, 1964) in the visible region and undergoes
photochemical decomposition (Heidt and Smith, 1948) only
in the UV region. Since, the oxidation of (Kolp and Thomas,
1949) water even at 333 K by Ce(IV) was immeasurably slow
and insigniﬁcant, no further precautions were taken to account
for this. Thus the decrease of reaction rate from the titre val-
ues, plots of log[Ce(IV)] vs time were made and from the slope
of such plots, the pseudo-ﬁrst order rate constants k1 (s1)
were obtained. To evaluate k1, generally 8–10 values at least
up to 80% completion of the reaction were used. Average val-
ues of at least two independent determinations of k1 were ta-
ken for analysis. All the ﬁrst order plots were linear, with a
correlation coefﬁcient of 0.996–0.999. The observed rate con-
stants were reproducible within the experimental error ±5%.
3. Results
Factors inﬂuencing the rate of oxidation of L-Serine by Ce(IV)
such as effects of (1) [L-Serine]; (2) [Ce(IV)]; (3) [H+]; (4) ionic
strength; (5) effect of ½HSO4 ; (6) dielectric constant; (7) Ag(I)
dependence; (8) bivalent and trivalent catalyst have been stud-
ied. Rate and activation parameters were evaluated.
3.1. Effect of [L-Serine]
The kinetic runs were carried out with various (1 · 102–
10 · 102 mol dm3) concentrations of L-Serine at [Ce(IV)]
(6 · 103 mol dm3), [H+] (0.05 mol dm3), [Na2SO4]
(0.1 mol dm3) and [Ag(I)] (2 · 106 mol dm3), which yielded
rate constants whose values depended on [L-Serine]. The pseu-
do-ﬁrst order rate constants k1 (s1) thus obtained were found
to increase with [L-Serine] (Table 1). This shows that the reac-
tion obeys ﬁrst order with respect to [L-Serine]. This was con-
ﬁrmed by the linear plots of k1 (s1) vs [L-Serine] yielded a
straight line passing through the origin (Fig. 1). The plot of
1/k1 vs 1/[Serine] exhibits excellent linearity (Fig. 3) with a po-
sitive slope. Observed reaction order nap = 0.995 (r= 0.998).
The values of k2 (mol dm
3 s1) was evaluated from the slope
of k1 (s1) vs [L-Serine] plots (Fig. 1). The k2 (mol dm
3 s1)
values thus obtained from such plots (Table 2) were in agree-
ment with the corresponding values calculated from the factor
k1 (s1)/[L-Serine].
3.2. Effect of [Ce(IV)]
The reaction rate was measured with various [Ce(IV)]
(1 · 103–10 · 103 mol dm3) at [L-Serine] (6 · 102 mol
dm3), [H+] (0.05 mol dm3), Na2SO4 (0.1 mol dm
3) and
[Ag(I)] (2 · 106 mol dm3). Thus the rate of the reaction de-
creased with increase in [Ce(IV)] indicating that the order with
respect to [Ce(IV)] was negative (3.02) as found from a plot
of log k1 vs log[Ce(IV)] (Fig. 4 and Table 1). The rate constants
decreased with increase in [Ce(IV)], possibly due to the forma-
Table 1 Effect of concentration of L-Serine and Ce(IV) on the pseudo-ﬁrst order rate constant k1 and second order rate constant k2.
[H+] = 0.05 mol dm3, [Ag+] = 2.0 · 106 mol dm3, [l] – [Na2SO4] = 0.1 mol dm3.
[L-Serine]
(·102 mol dm3)
[Ce(IV)]
(·103 mol dm3)
k1 (·104 s1) k2 (·103 mol dm3 s1)
293 K 298 K 303 K 308 K 293 K 298 K 303 K 308 K
1.0 6.0 0.93 1.55 2.45 3.73 9.30 15.5 24.5 37.3
2.0 6.0 1.95 3.00 5.00 7.01 9.75 15.0 25.0 35.1
3.0 6.0 2.74 4.70 7.14 10.8 9.13 15.7 23.8 36.2
4.0 6.0 3.88 5.65 9.85 14.9 9.71 14.1 24.6 37.4
5.0 6.0 4.75 7.32 12.7 17.6 9.51 14.6 25.4 35.2
6.0 6.0 5.75 9.50 15.4 21.8 9.58 15.8 25.0 36.3
7.0 6.0 6.68 11.5 17.3 25.9 9.54 16.0 24.7 37.0
8.0 6.0 7.70 12.0 18.9 28.3 9.62 15.0 23.6 35.4
9.0 6.0 9.09 13.3 19.9 31.7 10.1 14.8 22.1 35.2
10.0 6.0 9.80 14.9 22.9 36.3 9.80 14.9 22.9 36.3
6.0 1.0 – 1258 – – – – – –
6.0 2.0 – 174.6 – – – – – –
6.0 3.0 – 97.72 – – – – – –
6.0 4.0 – 40.47 – – – – – –
6.0 5.0 – 16.15 – – – – – –
6.0 6.0 5.75 9.500 15.4 21.8 9.58 15.8 25.0 36.3
6.0 7.0 – 5.598 – – – – – –
6.0 8.0 – 3.162 – – – – – –
6.0 9.0 – 1.778 – – – – – –
6.0 10.0 – 1.000 – – – – – –
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[Ce(IV)] (Blaustein and Gryder, 1957; Arun Prakash et al.,
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Figure 1 The linear plot of k1 (s1) vs [L-Serine] conﬁrms the ﬁrst
order reaction with respect to [L-Serine].
Table 2 The comparison of graphically calculated value of k2
and experimentally calculated value of k2.
Temperature (K) k2 (·103 mol dm3 s1)
Graphical Calculated
293 9.88 9.60
298 15.09 15.14
303 22.90 24.16
308 35.85 36.143.3. Effect of [H+]
The reaction rates were measured with various [H+]
(3.5 · 102–7.5 · 102 mol dm3) at [L-Serine] (6.0 · 102 mol
dm3), [Ce(IV)] (6.0 · 103 mol dm3), [Na2SO4] (0.1 mol
dm3) and [Ag(I)] (2 · 106 mol dm3). The rate of the reac-
tion decreased with increase in hydrogen ion concentration
(Table 3). The order with respect to [H+] was negative as
found from a plot of log k1 vs log[H+] (Fig. 5).
3.4. Effect of [ionic strength]
The inﬂuence of ionic strength was studied by the addition of
sodium sulfate on the reaction rate. The rate decreased with in-
crease in [l] (Table 4). The effect of sulfate ions may be ex-
plained as due to the removal of the reactive species as
CeðSO4Þ23 (Ramananda sarma and Saiprakash, 1980):
CeðSO4Þ2 þ SO24 CeðSO4Þ233.5. Effect of ½HSO4 
The reaction rate were measured with various ½HSO4  (5 ·
103–5 · 102 mol dm3) at [L-Serine] (6 · 102 mol dm3),
[Ce(IV)] (6 · 103 mol dm3), [H+] (0.05 mol dm3), Na2SO4
(0.1 mol dm3) and [Ag(I)] (2 · 106 mol dm3).
The rate of the reaction decreased with increase in ½HSO4 
indicates that the order with respect to ½HSO4  was negative.
This is conﬁrmed by the linear plot of 1/k1 vs ½HSO4 . There-
fore HSO4 shows rate retarding effect. The plot of 1/k
1 vs
½HSO4  was found to be linear (r= 0.998) with positive inter-
cept and positive slope. Thus the hydrogen sulfate dependence
can be represented as the following equation:
k1 ¼ a
bþ c½HSO4 
ð1Þ
Table 3 Effect of concentration of H+ on the pseudo-ﬁrst order rate constant k1.
[L-Serine] (·102 mol dm3) [Ce(IV)] (·103 mol dm3) [H+] (mol dm3) [Ag+] (·106 mol dm3) [l] [Na2SO4] (mol dm3) k1 (·104 s1)
298 K
6.0 6.0 0.035 2.0 0.1 27.0
6.0 6.0 0.040 2.0 0.1 14.1
6.0 6.0 0.045 2.0 0.1 8.79
6.0 6.0 0.050 2.0 0.1 7.91
6.0 6.0 0.055 2.0 0.1 6.76
6.0 6.0 0.060 2.0 0.1 5.59
6.0 6.0 0.065 2.0 0.1 4.46
6.0 6.0 0.070 2.0 0.1 3.84
6.0 6.0 0.075 2.0 0.1 3.54
Table 4 Effect of ionic strength, l on the pseudo-ﬁrst order rate constant, k1. [H+] = 0.05 mol dm3, [Ag+] = 2.0 · 106 mol dm3.
[L-Serine] (·102 mol dm3) [Ce(IV)] (·103 mol dm3) ½HSO4  (mol dm3) [Na2SO4] (mol dm3) k1 (·104 s1)
298 K
6.0 6.0 – 0.05 13.40
6.0 6.0 – 0.10 7.900
6.0 6.0 – 0.20 7.100
6.0 6.0 – 0.30 6.560
6.0 6.0 – 0.40 5.560
6.0 6.0 – 0.50 4.670
6.0 6.0 0.05 – 16.39
6.0 6.0 0.10 – 15.40
6.0 6.0 0.20 – 14.20
6.0 6.0 0.30 – 13.40
6.0 6.0 0.40 – 12.34
6.0 6.0 0.50 – 11.53
Table 5 Effect of dielectric constant on the pseudo-ﬁrst order rate constant k1. [L-Serine] (6 · 102 mol dm3), [Ce(IV)]
(6 · 103 mol dm3).
[H+] (mol dm3) [Ag+] (·104 mol dm3) [l] [Na2SO4] (mol dm3) Acetonitrile (%, v/v) Acetone (%, v/v) k1 (·103 s1)
298 K
0.05 2.0 0.1 35 – 2.06
0.05 2.0 0.1 40 – 1.78
0.05 2.0 0.1 45 – 1.54
0.05 2.0 0.1 50 – 1.02
0.05 2.0 0.1 – 35 3.27
0.05 2.0 0.1 – 40 2.32
0.05 2.0 0.1 – 45 1.45
0.05 2.0 0.1 – 50 1.39
230 T. Sumathi et al.where a, b and c are constants under experimental conditions.
3.6. Effect of dielectric constant
In order to determine the effect of dielectric constant (polarity)
of the medium on rate, the oxidation of L-Serine by Ce(IV) was
studied in acetonitrile as well as acetone mixtures of various
compositions (Table 5). The data clearly reveals that the rate
decreased with increase in acetonitrile and acetone content of
solvent. i.e., with decrease in dielectric constant of the solvent
mixture. This indicating that there is a charge development in
the transition state involving a more polar activated complex
than the reactants (Laidler, Chemical Kinetics, Tata-McGrawHill, New Delhi, 1965). The reaction is between a neutral mol-
ecule and an ion and absence of ion–ion or dipole–dipole type
mechanism which is also supported by the negative DS# values
obtained in this work.
3.7. [Ag(I)] dependence
The reaction rates measured with various [Ag(I)] (2 · 106–
9 · 106 mol dm3) at [L-Serine] (6.0 · 102 mol dm3),
[Ce(IV)] (6.0 · 103 mol dm3), [Na2SO4] (0.1 mol dm3) and
[H+] (5.0 · 102 mol dm3). The rate of the reaction increased
with increase in [Ag+] (Table 6). The order with respect to
[Ag+] was nap = 0.83249 as found from a plot of log k
1 vs
Table 6 Effect of concentration of Ag+, Cu2+, and Al3+ on the pseudo-ﬁrst order rate constant k1. [L-Serine] (6 · 102 mol dm3),
[Ce(IV)] (6 · 103 mol dm3), [Na2SO4] = 0.1 mol dm3.
[H+] (mol dm3) [Ag+] (·106 mol dm3) [Cu2+] (·106 mol dm3) [Al3+] (·106 mol dm3) k1 (·104 s1)
298 K
0.05 2.0 – – 7.9
0.05 4.5 – – 12.6
0.05 6.0 – – 16.8
0.05 7.5 – – 19.2
0.05 9.0 – – 22.0
0.05 – 2.0 – 5.41
0.05 – 4.5 – 6.45
0.05 – 6.0 – 9.69
0.05 – 7.5 – 13.0
0.05 – 9.0 – 16.7
0.05 – – 2.0 10.0
0.05 – – 4.5 10.1
0.05 – – 6.0 11.5
0.05 – – 7.5 12.6
0.05 – – 9.0 13.0
Table 7 Effect of temperature variation on pseudo-ﬁrst order rate constant k1 and second order rate constant k2.
[H+] = 0.05 mol dm3, [Ag+] = 2.0 · 104 mol dm3, [l] – [Na2SO4] = 0.1 mol dm3.
[L-Serine] (·102 mol dm3) [Ce(IV)] (·103 mol dm3) k1 (·104 s1) k2 (·103 mol dm3s1)
293 K 298 K 303 K 308 K 293 K 298 K 303 K 308 K
1.0 6.0 0.93 1.55 2.45 3.73 9.30 15.5 24.5 37.3
2.0 6.0 1.95 3.00 5.00 7.01 9.75 15.0 25.0 35.1
3.0 6.0 2.74 4.70 7.14 10.8 9.13 15.7 23.8 36.2
4.0 6.0 3.88 5.65 9.85 14.9 9.71 14.1 24.6 37.4
5.0 6.0 4.75 7.32 12.7 17.6 9.51 14.6 25.4 35.2
6.0 6.0 5.75 9.50 15.4 21.8 9.58 15.8 25.0 36.3
7.0 6.0 6.68 11.5 17.3 25.9 9.54 16.0 24.7 37.0
8.0 6.0 7.70 12.0 18.9 28.3 9.62 15.0 23.6 35.4
9.0 6.0 9.09 13.3 19.9 31.7 10.1 14.8 22.1 35.2
10.0 6.0 9.80 14.9 22.9 36.3 9.80 14.9 22.9 36.3
Ea = 66.65 kJ mol
1, DH# = 64.21 kJ mol1, DS# = 64.25 J K1 mol1, DG# = 188.89 kJ mol1.
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line (Indu Sharma et al., 1995). k1 vs [Ag+] yielded good linear
plots (Fig. 6) passing nearly through origin.
3.8. Effect of bivalent (Cu2+) and trivalent (Al3+) catalyst
The reaction rate measured with various [Cu2+]/[Al3+]
(2 · 106–9 · 106 mol dm3) at [L-Serine] (6.0 · 102 mol
dm3), [Ce(IV)] (6.0 · 103 mol dm3), [Na2SO4] (0.1 mol
dm3) and [H+] (5.0 · 102 mol dm3).
The rate of the reaction increased with increase in [Cu2+].
The rate of the reaction was slightly increased with increase
in [Al3+] but not as much as Ag+ or Cu2+. It is observed that
the catalytic efﬁciency of Ag+ was higher than Cu2+ (Table 6).
3.9. Test for free radical intermediates
The intervention of free radicals was examined as follows. The
reaction mixture, to which a known quantity of acrylonitrile
scavenger had been added initially, was kept in an inertatmosphere for 2 h. Upon diluting the reaction mixture with
methanol, white precipitate has been formed, suggesting the
generation of free radicals in the reaction.
3.10. Rate and activation parameters
The effect of temperature on k1 (s1) was studied in the range
(293–308 K) and the results are shown in Table 7. From Arrhe-
nius plot (Fig. 7), the value of energy of activation (Ea) was
calculated. Hence, the value of DS#, DH#, DG# was computed
from the Eyring’s plot (Fig. 8). The large negative value of en-
tropy of activation (DS#) obtained is attributed to the severe
restriction of solvent molecules (electrostriction) around the
transition state (Anis, 1992) and it indicates that the complex
is more ordered than the reactants (Hiremath et al., 2007).
4. Stoichiometry and product analysis
Different reaction mixtures with different sets of concentration
of reactants, where [Ce(IV)] was in excess over [L-Serine] at
232 T. Sumathi et al.constant ionic strength, acidity and at constant concentration
of catalyst were kept for 24 h at 298 K in an inert atmosphere.
The unreacted Ce(IV) was titrated against standard ferrous
ammonium sulfate by using ferroin as an indicator. The main
reaction products are Ce(III), aldehyde, ammonia and CO2
(Baryta water test).
Glycoldehyde was conﬁrmed by the IR spectrum of the cor-
responding hydrazone. The reaction mixture was treated with
acidiﬁed 2,4-dinitrophenylhydrazine solution, which yielded a
hydrazone. The IR spectrum of this hydrazone superimposed
on the spectrum of a corresponding hydrazone of a standard
sample of glycoldehyde. Moreover, the mixture melting point
of the hydrazone did not show any depression. Further, alde-
hyde group was conﬁrmed with qualitative test such as Tol-
len’s reagent (Ramananda sarma and Saiprakash, 1980;
Feigl, Spot Test in Organic Analysis, Elsevier, Amsterdam,
1966) and Schiff’s reagent. Nitrile test was negative, the prod-
uct usually reported in the oxidation of amino acids. Ammonia
was conﬁrmed with Nessler’s test. Therefore, the stoichiometry
of the reaction with positive test of an aldehyde can be repre-
sented by Eq. (2).
Further work on other related amino acids with Ce(IV) is in
progress:
H
Ag(I)
R   C   COOH  + 2 Ce(SO4)2 + H2O            R    CHO + NH3 + CO2 + 2Ce(III) +2SO42-+ 2H+
NH2 ð2Þ
Where R = –CH2OH.
5. Mechanism of the reaction
Amino acids are reported (Usha et al., 1977) to form an ad-
duct with Ag(I) owing to availability of electron pair on
nitrogen atom. Therefore, an adduct between Ag(I) and ser-
ine is initially formed that on further interaction with Ce(IV)
yields another adduct of higher valent silver. Plot of 1/k1 vs
1/[L-Serine] was linear conﬁrms the complex between Ag(I)Schemeand L-Serine in a ﬁrst step (Fig. 3). This shows Michaelis–
Menton type of relationship. The formation of the complex
was also proved kinetically by a non-zero intercept of the
plot of [Ce(IV)][Ag(I)]/rate vs 1/[Serine] (Fig. 9). Such com-
plex formation has been observed already in the literature
(Feigl, Spot Test in Organic Analysis, Elsevier, Amsterdam,
1966; Hardwick and Robertson, 1951). The results suggest
that L-Serine combines with catalyst Ag(I) to form a com-
plex, which then reacts in a slow step with one mole of
Ce(SO4)2 to give the product cerium(III), anionic complex
serine, H+ and 2SO24 with regenerating the catalyst Ag(I).
The anionic complex serine reacts with another mole of
Ce(SO4)2 in a further fast step to give the products ceriu-
m(III), glycoldehyde, carbon dioxide and ammonia. The re-
sults are accommodated in Scheme 1.6. Discussion
The rate expression may thus be represented by the following
equation:
k1 ¼ kfK½Serine½Ag
þ
K½CeðIVÞ½Hþ½Serine þ 1 ð7Þ
The rate law (7) may be rearranged to Eq. (8) which is suitable
for veriﬁcation
1
k1
¼ ½CeðIVÞ½H
þ
kf½Agþ þ
1
kfK½Serine½Agþ ð8Þ
1
k1
¼ ½CeðIVÞ½H
þ
kf½Agþ þ
1
kfK½Agþ 
1
½Serine ð9Þ
1
k1
¼ ½CeðIVÞ½H
þ
kf½Agþ þ
1
kfK½Serine 
1
½Agþ ð10Þ
Eq. (7) suggests that nap  1.0, 0 < nap [Serine] which is consis-
tent with the results of our experiments. Eq. (9) suggests that1
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Figure 2 The linear plot of 3 + log[Ce(IV)] vs time. From this
plot the values of k1 and k2 are computed.
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Figure 3 The linear plot of 1/k1 vs 1/[Serine] conﬁrms the
complex between Ag(I) and L-Serine. This shows Michaelis–
Menton type of relationship.
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Figure 4 The linear plot of log k1 vs log[Ce(IV)] conﬁrms that
the order with respect to Ce(IV) is negative.
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Figure 5 The linear plot of log k1 vs log[H+] conﬁrms that the
order with respect to H+ is negative.
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plots with positive intercept as shown in Fig. 2. Eq. (10) sug-
gests that 1/k1 vs 1/[Ag+] at constant [H+] and [Serine] should
yield good linear plots through origin as shown in Fig. 5.
6.1. Kinetically active cerium species
Under the experimental conditions in aqueous sulfuric acid
medium, the important Ce(IV)-sulfato complexes are
CeðSOÞ2þ4 , Ce(SO4)2, HCeðSO4Þ3 and the relevant equilibria
are (Mishra and Gupta, 1970; Shivamurti et al., 2007)
Ce4þ þHSO4 CeðSO4Þ2þ þHþ; b1 ¼ 3500 ð11Þ
CeðSO4Þ2þ þHSO4 CeðSO4Þ2 þHþ; b2 ¼ 200 ð12Þ
CeðSO4Þ2þ þHSO4 HCeðSO4Þ3 ; b3 ¼ 3:4 ð13ÞAmong the different sulfato species, the kinetically active
species should be inferred on the basis of kinetic data, not
according to the magnitude of concentration (Hardwick and
Robertson, 1951). From the relationship between HSO4 and
k1, Ce(SO4)2 has been found as the kinetically active species
in the present study. The concentration of Ce(SO4)2 can be
approximately obtained. According to the mass balance equa-
tion (14) is obtained.
½CeðIVÞT ¼ ½Ce4þ þ ½CeðSO4Þ2þ þ ½CeðSO4Þ2
þ ½HCeðSO4Þ3  ð14Þ
From Eqs. (11)–(13), the following equations can be derived:
½Ce4þ ¼ ½CeðSO4Þ2 þ ½H
þ2
b1b2½HSO4 2
½CeðSO4Þ2þ ¼ ½CeðSO4Þ2 þ ½H
þ
b2½HSO4 
½HCeðSO4Þ3  ¼ b3½HSO4 ½CeðSO4Þ2
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Figure 6 The linear plot of k1 vs [Ag+] conﬁrms that the order
with respect to Ag+ is positive.
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Figure 7 Arrhenius plot shows the linear plot of log k2 vs 1/T.
From Arrhenius plot, energy of activation (Ea) is calculated.
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Figure 8 Eyring’s plot shows the linear plot of 5 + log k2/T vs 1/
T · 103. From Eyring’s plot the values of DS#, DH#, DG# are
computed.
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Figure 9 The linear plot of [Ce(IV)][Ag(I)]/k1 vs 1/[Serine] with
non-zero intercept conﬁrms the formation of the complex between
Ag(I) and L-Serine in a ﬁrst step.
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½CeðIVÞT ¼
½CeðSO4Þ2 þ ½Hþ2
b1b2½HSO4 2
þ ½CeðSO4Þ2 þ ½H
þ
b2½HSO4 
þ ½CeðSO4Þ2 þ b3½HSO4 ½CeðSO4Þ2 ð15Þ
By considering the relative magnitudes of the successive forma-
tion equilibrium constants which are in the order:
b1  b2  b3, the value of ½CeðSO4Þ2 þ½H
þ2
b1b2 ½HSO4 2
and
½CeðSO4Þ2 þ½Hþ
b2 ½HSO4 
are
much less than two terms. Therefore, we get Eq. (16) from
Eq. (15):
½CeðIVÞT  ½CeðSO4Þ2 þ b3½HSO4 ½CeðSO4Þ2
¼ ½CeðSO4Þ2 þ ð1þ b3½HSO4 Þ ð16Þ
so,
½CeðSO4Þ2þ ¼ ½CeðIVÞT þ ½H
þ
1þ b3½HSO4 
¼ f½CeðIVÞTf ¼ 1
1þ b3½HSO4 
ð17Þ
Substituting Eq. (17) into Eq. (7) we get,
k1 ¼ kK½Serine½Ag
þ
K½CeðIVÞ½Hþ½Serine þ 1ð1þ b3½HSO4 Þ
ð18Þ
Assuming that m ¼ kK½Serine½Ag
þ
K½CeðIVÞ½Hþ½Serine þ 1
Eq. (18) may be written as
k1 ¼ mð1þ b3½HSO4 Þ
ð19Þ
or
1
k1
¼ 1
m
þ b3
m
½HSO4 ð20Þ
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order dependence on ½HSO4 . Eq. (20) suggests that 1/k1 vs
½HSO4  should be linear and agrees with the experimental
data. All the above results shows that Ce(SO4)2 is the kineti-
cally active species. Furthermore, the rate constants decreased
with increase in [H+] (Table 3). This is due to the formation
(Mishra and Gupta, 1970; Shivamurti et al., 2007; Krishna
and Tiwari, 1961) of an active inhibitor H2CeðSO4Þ22 . The or-
der with [H+] was negative. As the sulfuric acid concentration
increased in the reaction mixture, the [H+] increased, but there
is also a corresponding increase in ½HSO4 . If the rate is inver-
sely dependent on the ½HSO4  to a great extent the overall ef-
fect of adding sulfuric acid would lower the rate (Table 3).
Similar behavior has been reported in the oxidation of anti-
mony(III) (Mishra and Gupta, 1970; Shivamurti et al., 2007),
mandelic acid (Mishra and Gupta, 1970; Shivamurti et al.,
2007; Krishna and Tiwari, 1961; McAuley and Brubakar,
1966), malic acid (Sengupta, 1965), fructose (Mehrotra and
Ghosh, 1966) by cerium(IV). Added cerium(III) retarded the
reaction appreciably due to the formation of Ce4+. Ce3+ ion
pairs. In the oxidation of tellurium(IV) by Ce(IV), the product,
cerium(III) also retarded the reaction (Dikshitulu et al., 1981).
The observation that SO24 ions retard the rate of oxidation
coupled with the observation that increase in [H+] decreased
the rate, point to the fact that the neutral covalently bound
Ce(SO4)2 is the active species of oxidant (Ramananda sarma
and Saiprakash, 1980). In the oxidation of glutamic acid
(Mishra and Gupta, 1970; Shivamurti et al., 2007), lactic acid
(Sengupta, 1963) and mandelic acid (Sengupta and Aditya,
1963) by cerium(IV) in sulfuric acid-sulfate media, Ce(SO4)2,
had been identiﬁed as the active species, which supports the
present work. Furthermore, the ionic strength has little effect
on k1. According to the principle of salt effect, there must be
a neutral molecule in the rate determining step, which conﬁrms
Ce(SO4)2 as the kinetically active species in the present study.
7. Conclusion
The reaction between cerium(IV) and L-Serine is sluggish in
sulfuric acid medium at 298 K. The reaction occurs with mea-
surable velocity in the presence of a small amount of
(106 mol dm3) of silver. The main active species of ceriu-
m(IV) is considered as Ce(SO4)2, although other species might
be active to a much lesser extent. The role of hydrogen ions is
crucial to the reaction. The description of the mechanism is
consistent with all the experimental evidence.
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